By combining cryoenzymology with baroenzymology (a technique we term "cryobaroenzymology") one can obtain "stop-action" pictures of the intermediates in an enzyme reaction pathway and then observe their structural and energetic features ("motion features"). We illustrate the potential of this approach by considering the formation of a transient state analogue complex of creatine kinase (ATP:creatine N-phosphotransferase, EC 2.7.3.2): enzyme-ADP-nitratecreatine, where nitrate mimics the transferable -phosphate of ATP. Formation of the analogue complex is accompanied by a conformational change that manifests itself by tryptophan perturbation and thus allows kinetic studies by the stoppedflow method. We studied the formation of the analogue complex under cryoenzymic conditions as a function of pressure and solvent composition. This allowed a detailed description of the structural and energetic features of the activation process of an elementary step in an enzyme pathway.
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In carrying out their biological functions, enzymes go through a number of subtle conformational changes that are related to their dynamic structural flexibility. These processes are usually very rapid and therefore difficult to study.
One way of reducing this rapidity is to carry out experiments at low temperatures (1) . This artifice slows down the transformations of the various intermediates so that each can be "frozen" in time and thus observed and analyzed as a quasistable state. Thus, by the use of cryoenzymology one can identify and determine the disposition of the various intermediates making up a reaction pathway. In particular, x-ray crystallography at low temperatures combined with spectroscopy allow one to obtain in favorable cases a series of "stop-action" pictures of the most highly populated complexes along the reaction pathway (2) . However, such separate "frame" studies yield little dynamic information and, to obtain this, other techniques are needed to fill in the missing "unfrozen" frames.
One way of obtaining dynamic information about enzyme systems is by kinetic studies, especially at low temperatures; these can lead to data on the rate constants (k+ and k4) describing the interconversions of successive intermediates. Currently, it is generally postulated that between such intermediates there is an activated complex whose characteristics govern k+ and kL and thus the dynamics of the structural interconversion (3) . By its very nature the activated state is not accessible to measurement and its properties can only be inferred from the thermodynamic parameters associated with k+ and E. However, for want of a rigorous theoretical background-particularly when applied to complex enzyme systems-such parameters remain largely phenomenological (4) .
The first requirement in the study of the dynamics of an enzyme system is that a simple rate constant be measured; measurement of a composite rate constant, such as kcat, can lead to ambiguous results (5) . In most cases, this means the use of rapid reaction techniques and, to further increase the time resolution, experiments are carried out at low temperatures. A simple rate constant of particular interest is that describing the conformational change leading to the tight binding of a substrate to an enzyme (induced fit) (6), but there are relatively few examples of such studies (see, for example, ref. 7) .
The second requirement is that one must obtain a maximum ofthe thermodynamic values associated with the kinetic constants of interest and, for this, one must exploit as many intensive parameters as possible. Clearly, for good accuracy, the range over which the particular intensive parameter is varied must be as wide as possible. With enzyme systems, the intensive parameters most exploited are temperature and, to a lesser extent, pressure; by varying these, one can obtain estimates of the thermodynamic quantities relating to the activated complexes-namely, AlI, ASt, and AVt (variation of enthalpy, entropy, and volume, respectively).
A large temperature range is obtained under cryoenzymic conditions (1) . For example, with 40% ethylene glycol as antifreeze, temperatures down to -200C can be attained. For a full exploitation of the thermodynamic parameters, one should carry out experiments over a large pressure range and at extremes of temperatures. To enable us to do this, we constructed a stopped-flow apparatus adapted to work in the temperature range +300C to -300C and at pressures up to 2 kbar (1 bar = 100 kPa) (8) .
Whereas thermodynamic entities in themselves are rather uninformative, their variation on the perturbation of the system under study can lead to useful information on the dynamics of the structural changes implicated in the formation of the activation complex. The most commonly used perturbants are pH and ionic content and their use has led to interesting results (9, 10) .
An important group of perturbants is introduced by cryoenzymology. This method requires the addition of an antifreeze, usually an organic solvent: by the use of solvents of different properties, a variety of perturbants of different effects is available. In addition, the perturbation of a particular step by a perturbant could mimic a biological regulatory process and thus provide a means for its study (11, 12) .
To illustrate the above approach, we give here our results with creatine kinase (ATP:creatine N-phosphotransferase, EC 2.7.3.2). In the presence of creatine, Mg, ADP, and nitrate this enzyme forms the presumed transient state analogue complex E-ADP NO3 creatine where NO3 mimics the Pi in the transient state complex E-ADP-Pi-creatine (13) .
In a previous paper (14) Here, we determined k in water and also in 40% ethylene glycol in the temperature range 10C to -15'C and at pressures 1 bar to 1.2 kbar. We obtain values for AHl, ASt, and AVt under different conditions and we discuss these in relation to the conformational change described by k. Our results show that by combining cryoenzymology with pressure studies we are in a position to search for the still missing "moving frames" present during the transformation of one intermediate to another.
MATERIALS AND METHODS
Materials. Creatine phosphokinase (type I), from rabbit muscle, and creatine were purchased from Sigma. Molar concentrations are expressed in terms of a Mr of 82,000 (15) .
Tris acetate was chosen as buffer since its hydrogen concentration is almost pressure-independent (16) . In all experiments, the actual pH was estimated according to a procedure published elsewhere (17) .
Kinetic Measurements. Kinetic measurements at atmospheric pressures were made with a stopped-flow apparatus adapted to cryoenzymic conditions, built in this laboratory (18) and adapted to fit Union Giken (Osaka, Japan) model RA 415 and RA 401 spectrophotometer (optical pathway, 1 cm; optical slit, 3.5 nm). The dead time of the apparatus is <5 ms.
Experiments at high pressures and low temperatures were made by using a high-pressure stopped-flow device (8) adapted to an Aminco DW2 spectrophotometer. Kinetics were recorded by monitoring absorbance changes against time in the dual mode of the Aminco spectrophotometeri.e., the difference in absorbance between two wavelengths. With the alkaline hydrolysis of 2,4-dinitrophenyl acetate as the test system (19), the dead time of the apparatus is 20 ms in water at 20°C, 50 ms in 40% ethylene glycol at 20°C, and 100 ms in 40% ethylene glycol at -15°C. These dead times are pressure independent up to 2 kbar.
The formation of the transition state analogue complex creatine kinase-ADP'Mg-nitrate-creatine was followed by recording the change in absorbance at 296.5 nm (14) . The At atmospheric pressures and in water at MC, both ko and the final amplitude increased with the creatine concentration: ko= 11 + s-1, 18 ± 3 s-1,and29.6 ± 1 s-1at5, 10, and20 mM creatine, respectively, from which k = 78 + 8 s-1. Under the same conditions but in 40% ethylene glycol k decreased by a factor of about 10 (8 ± 0.8 s-1). These results were obtained with a conventional stopped-flow apparatus. To confirm the satisfactory working of our high-pressure stopped-flow device we repeated certain experiments with this apparatus at atmospheric pressures. Thus, at 5 mM creatine (in water) ko = 10. Increasing the pressure up to 1.2 kbar resulted in a decrease of k in the absence (Fig. 2) or presence (Fig. 3) of 40% ethylene glycol. With the high-pressure device, experiments were limited to 10 mM creatine; higher concentrations lead to kinetics too rapid to be accurately measured (>30 s l). In addition, the amplitudes in water were small and this added a further difficulty to experiments carried out in this solvent. Nevertheless, we were able to obtain estimates for the AV* in water: 34.8 ml mol-1, which compares with 24.7 ml mol-1 in 40% ethylene glycol ( (Fig. 4) and pressure dependencies (Fig.  3 ) of k were determined in 40% ethylene glycol and the results obtained are summarized in Table 2 . The range in temperature was 1PC to -15'C and in pressure 1 bar to 1.2 kbar.
The AV* values obtained were virtually temperature independent: at 1PC AV* = 24.7 + 2 ml mol1 and at -150C AV* = 25 + 2 ml mol-1 ( Table 2 ). The AHJ for k (which is pressure independent) = 88 + 4 kJUmol-', a value that agrees well with our previous estimate (90 kJ mol') (14) . 
DISCUSSION
In this work we followed the kinetics of formation of the dead-end complex creatine kinase ADP Mg NO3 creatine. The first-order rate constant obtained (k) at the extrapolated saturating concentrations of creatine is a manifestation of the isomerization of a quaternary complex (step 3, Scheme 1). Such protein isomerization steps are often key steps in enzyme reaction pathways (21) and the creatine kinase system is a good model for studying such a process.
We note that whether we used our conventional stoppedflow apparatus or the newer less-tried high-pressure apparatus, the rate constants (ko) obtained under identical conditions agreed well. Nevertheless, these constants did not agree well with our previous results (14) . We have no ready explanation for this but it could be related to the different enzyme preparations used-here, freeze-dried and commercial enzyme; previously, freshly prepared from rabbit muscle.
Effect ofPressure on k. When the pressure is increased from 1 bar to 1.2 kbar, k decreases by a factor of 10 . In all of these experiments, the pressure dependencies were accurately linear (Fig. 2) . This precision was obtained by carrying out each series of measurements at different pressures on the same solutions, which remained in the pressure bomb throughout each series. This linearity suggests that the pressures used had little effect on the dimeric structure of the enzyme, at least as interpreted from the kinetics offormation of the complex. This lack ofeffect is in accord with the known strength of interaction of the subunits of creatine kinase (15) .
The values of AV* we obtained are, therefore, positive and large-for example, 38 ml mol-1 in water at 1°C. This AV* is small when compared with the volume of creatine kinase (about 1:1000) but large when compared with the values found for other enzyme systems (e.g., ref. 4) . ASt in water is also positive and large (90 JK-'mol-1). This correlation between AVt and ASt is apparently linear and has been observed with a number of systems (22) . This intuitively natural behavior has a theoretical foundation (4) .
These large values for AVt and ASt could be a reflection of a significant conformational change. However, recent analysis of the pressure dependence of aromatic ring rotation rates in the interior of proteins (23) clearly indicates that the large effective activation volume deduced from the observed pressure dependence does not necessarily imply a physical volume change of the order of that determined experimentally. Consequently, apparent activation volume data in themselves are rather uninformative; however, their variation on the perturbation of the system compared to the variation of the rate constant value can lead to useful information and a discussion on the structural and energetic features of the activation process.
Effect of Solvent on k and AV*. At a given temperature (1°C), 40% ethylene glycol reduces k by a factor of 10. This dramatic but reversible solvent effect has already been observed with other enzyme systems and has been exploited in the temporal resolution of their reaction pathways {e.g., creatine kinase (24) (27, 28) came to a similar conclusion from their studies on the effect of ions on the overall rate constants of certain enzymes, and they concluded that, in each case, the activation process is governed by the transfer of certain chemical groups near the protein-solvent interface. These transfers should be accompanied by changes in the energies of interaction of the groups between themselves, with water molecules or with surrounding ions (28) . In our own work, the solvent effect could be due to changes in the degree of organization of water molecules around certain transferred protein groups.
On the other hand, one must bear in mind that pressure increases the viscosity of a system significantly and that the rate constant observed could change dramatically because of this effect. However, it is seen in Fig. 2 that when the pressure is increased, the p AVt term increases by a factor of 2 and that, by extrapolating to 5 kbar, we can predict that at this pressure ethylene glycol has no effect on k. Proc. Natl. Acad. Sci. USA 82 (1985) 7499 (Table 2) .
Within the precision of our measurements, it appears that AV, is independent of the temperature, at least in the range we covered. This lack of sensitivity of AVO for the creatine kinase system is different from the situation with certain other enzyme systems studied, where relatively large temperature effects have been observed (4) . From our results and the Maxwell relationship (4) , it can be deduced that 8ASt/8P -0; we verified this to be well within the limits of the errors involved in our measurements. However, it is more difficult to be certain ofthe further statement AH*/8P = AV* because of the errors involved.
It appears that, despite their complexity, the systems studied so far have given results that can be interpreted within the framework of the laws of thermodynamics, largely deduced from the behavior of perfect gases. Certainly, in theory, by studying the pressure dependencies of AHt and AS* one should be able to detect any deviations from these laws, but so far the effects sought are at the limits of the experimental errors.
Conclusions. The work reported here-combining cryo-and baroenzymic studies-provides an initial attempt at an approach towards an understanding of enzyme reactions. Since kinetic control is at the very heart of this understanding, future studies should provide data on the structural and energetic features of the interconversions of the relevant reaction intermediates. In this way, a contribution could be made towards furthering the important theories that have originated from recent ideas on reaction dynamics (29) : these demonstrate the limitations of classical transient state theories but offer a deeper insight into the fine detail of enzyme mechanisms.
